It is of great significance in emergency rescue for earthquake disasters to locate the trapped people using mobile phone Wi-Fi. However, the positioning precision depends on the accuracy of the radio propagation channel model of the ruins environment. In this work, we investigate the channel model in 2.4GHz by measurement in the ruins of Beichuan City, and obtain the parameters of large scale path loss model and delay spread. It is worthy to note that the signal attenuation through ruins is the sum of attenuation through different layered barriers, and the attenuation factors of ferroconcrete and cement brick are 0.72dB/cm and 0.43dB/cm separately. The accuracy of the proposed penetration loss model through ruins is evaluated by the measured data. Moreover, the distribution of RMS delay spread is analyzed according to the cumulative distribution function (CDF) of measured data and evaluated by Kolmogorov-Smirnov (K-S) and Chi-square goodness-of-fit test. The approximation of a linear dependency between mean delay spread and RMS delay spread is also confirmed. This work provides valuable results for the design of mobile Wi-Fi position system in ruins environment.
INTRODUCTION
Frequently occurred strong earthquakes and other serious secondary disasters cause enormous and immeasurable loss of properties and casualties, so disaster rescue and relief is particularly important, especially the rescue of the trapped people in ruins environment after disasters. Past rescue experiences show that, almost 80% of the trapped people carry with mobile phones and a located mobile phone in rubbles usually indicates a victim near it. Therefore, locating the trapped people by mobile phone has become a new kind of rescue technology (Zorn et al.,2010; Hatorangan and Juhana,2014) .Because of the complex and unpredictable environments in ruins, radio propagation can be heavily affected by interferences, which resulting in strong signal attenuation or produce rapid and intense signal changes in short time. It is noticeable that, a high location precision is very important for disaster rescue in ruins, and the accurate information about the characteristic of signal attenuation and time delay is very important for determining the position of a trapped person with a mobile phone. So the radio channel model which accurately describes the ruins environment is the one of the most important keys to locate the mobile phone under debris.
In recent years, the research on radio channel propagation characteristics in ruins and collapsed building environments has drawn great attentions. There are mainly three methods of radio channel modeling, including the use of ideal statistical model, ray tracing method and measurement in actual physical environment. The modeling of radio channel in ruins environment is mainly based on actual measurement. Within the German national research project "I-LOV" for rescue of trapped people in disaster, the researchers simulate the collapse of the building environment on a testing area in a forest outside the city of Karlsruhe, and measurements in GSM900 and GSM1800 bands are conducted. After data processing and analysis, large scale fading (LSF) model is proposed (Chen et al.,2010a ).The LSF model consists of free space attenuation and penetration loss through ruins, and the penetration loss through ruins is the sum of attenuation through different layered barriers. It has been verified that the model predication fits the measured data well. Autoregressive spectral estimation technique is also adopted in "I-LOV" project for radio propagation channel modeling in frequency domain, which can predict the time delay of multipath components (Chen et al.,2012) ,and measured channel frequency responses are modeled by an overestimated AR model. Chai et al.,(2013) of Zhejiang University presents a modeling and simulation method of radio channel, and verify the penetration loss model through ruins proposed by Chen et al(2010a) and get the attenuation factors of ferroconcrete and brick by simulation, and analyze the influence of antenna polarization mode in GSM900 and GSM1800 bands. Experiments are performed before, during, and after implosion of three building in 50 MHz/150 MHz/225 MHz/450 MHz/900 MHz/1.8 GHz by researchers in National Institute of Standards and Technology of USA (Holloway et al.,2014) ,the attenuation of radio signals caused by building materials and structural components is studied. DiCarlofelice et al.,(2013) conduct measurements in the Italian historic town of L'Aquila ruins after the earthquake to study the excess propagation loss at several specific distances and angles in 434 MHz and 868MHz. The main results are the estimates of excess path loss and group delay. Different structures of collapsed buildings are analyzed in TETRA/GSM/UMTS bands and the radio propagation models of different collapsed structures, such as layered structure, spherical scattered-based structure, nonparallel slab-based structure, are derived and simulated by Oestges (2013) .Based on extensive measurements in 900 MHz and 1.8 GHz, characteristics of LSF model with different polarizations and antenna heights are examined and analyzed, and the properties of small-scale fading model, such as features of coherence bandwidth, decorrelation distance are studied (He et al.,2016) .
In this work, we focus on locating trapped people by using Wi-Fi signal of mobile phone carried by the victims. The project requires an accurate radio propagation channel model at 2.4GHz Wi-Fibandin ruins environment. The range of measured frequency in the references mentioned above was 1.9 GHz and below, so wechoose 4 typical ruins scenarios in Beichuan City, which is one of the hardest-hit area of 5.12 Wenchuan Earthquake, to perform the radio channel measurement in 2.4GHz band, and derive the power loss characteristics caused by free space and signal attenuation through the ruins and discuss the time delay spread parameters of the ruins channel.
CHANNEL MEASUREMENT IN RUINS

Measurement Set-up
The key of channel modeling is obtaining the channel impulse response accurately, in this investigate, measurements were performed in frequency domain. The frequency response measurement system is shown in Figure 1 , a vector network analyzer (VNA) was employed to capture the channel frequency response, and the impulse response in time domain was obtained by Inverse Discrete Fourier Transform (IDFT).
Handheld vector network analyzer N9918A is light, portable and equipped with battery, which is suitable for measuring in ruins environment and can meet the measurement frequency range and accuracy requirements. The antennas are omnidirectional with vertical polarization, a radio signal at the frequency range of 2.3GHz to 2.5GHz is emitted by N9918A,and is transmitted through the antennas, radio channel in ruins, preamplifier. At the receiving end of N9918A,the measured channel frequency response is captured, and the channel impulse response can calculated from frequency response.
The channel responses with different distances between transmitting and receiving end are captured by fixing the receiving antenna and changing the position of transmitting antenna. The receiving antenna is connected to N9918A, while the transmitting antenna is fixed on a bracket with a height of 1 meter, which can move freely, thereby the transceiver distance can be adjusted easily.
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Measurement scenarios
The earthquake led to a large number of houses collapsed and damaged, and multitudes of diverse materials were buried in the ruins, such as blocks, cements, concrete walls, broken home appliances and furniture. The signal attenuation and multipath interferences along the propagation path depends on the electromagnetic properties of the involved materials, as well as the shape and dimension of rubbles in the burying scenarios. Therefore, channel modeling in ruins needs to consider the influences of the building materials and the structure of rubles, so as to describe the channel transmission characteristics more accurately.
The actual measurements were conducted in 4 typical ruins scenarios of Beichuan City, including rural credit association union, primary school, agricultural bank and normal residential house. As shown in Figure 2 , the 4 measurement scenarios contain completely or partially collapsed buildings, which mainly consist of ferroconcrete walls and cement blocks. In scenario 1, most of collapsing objects are ferroconcrete structures, the measuring space is 8 meters in length, 5 meters in width and 1.2meters in height, inside which there are some office equipments and sundry goods. In scenario 2,the structure of the remaining walls is ferroconcrete, the measuring space is about 4meterslong,3 meterswide,1.8 meters high, inside which there are mainly cement bricks. In scenario 3,the ruins is mainly made up of ferroconcrete,inside the measuring space there are cement bricks, the measuring space is 2.2*4.1*2.1 meters. In scenario 4, the structure of ruins is ferroconcrete and cement bricks, the measuring space is 2.5*3.5*1.6meters, inside which there are wreckages of the furniture. In order to make the measurements more precisely, several measuring sites were selected to be measured according to the size of the measuring space in each scenario, the experiment data at each measuring site is measured many times to reduce measurement errors as possible. 
Data pre-processing
As the measurement system shown in Figure1, VNA is utilized to measure S21-parameter which corresponds to a channel frequency response via frequency sweep mode, and the recorded data were used for pre-processing. The channel transfer function H(f) was obtained according to Eq.(1):
Where f  is the frequency step size,Mis the number of the steps, f 0 is the start frequency and H(k) is the record data of NA9918A.
It is obvious that, the recorded data include channel response and the influences of antennas, the preamplifier and the cables, so system calibration should be conducted to diminish the effects of unexpected factors. The method of calibration without antennas was used. System response ()
sys
Hk was recorded, the antennas were removed and the cables were connected with a -30 dB attenuator to protect VNA from the high input voltage caused by the amplifier, so the unexpected effects were deleted from 
Where N is the number of samples, the sampling interval T in time domain is equal to, the time step size t is
LARGE SCALE PATH LOSSMODEL
Path loss mechanism
Signal transmission of the trapped mobile phone should pass through the air and the ruins. As Eq. (4) shows, the entire large scale path loss between the transmitting and receiving end can be divided into two loss mechanisms: power loss caused by free space propagation and signal attenuation through the ruins, and the two parts of propagation losses can be calculated separately.
Since the distance between transmitting and the receiving antennas at each measuring site can be determined exactly, power loss in free space (PL free ) can be calculated according to Eq. (5), where c is the light speed, f is the radio frequency, and d is the distance between transmitting and receiving antenna.
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As mentioned before, signal attenuation through ruins A ruin relate to the structure of the ruins and the property of the involved materials. According to the measured scenarios, in order to simplify the research, we choose a simplified stratified debris structure model (Chen et al.,2010a; Chai et al.,2013) to study the signal attenuation through ruins. Supposing that the collapsed structure of ruin is stratified model, which is made up of several layers and each layer is characterized by different electromagnetic properties of its attributes and thickness. So the penetration loss through ruins can be described as the sum of attenuation through different layered barriers, as shown in Eq.(6):
Wherea k is the attenuation factor of the layer k barrier, the unit of which is dB/cm or dB/m,h k is the thickness of layer k barrier, the unit of which is cm or m, and L is the total number of layered barriers, both a k and h k are regarded as independent random variables.
Model analysis and evluation
Attenuation factor depends on the electromagnetic properties of the various involved materials in ruins, and the electromagnetic characteristics of different materials are different. In some references, the attenuation factors of materials commonly used in buildings, for example, ferroconcrete, concrete brick, stone, have been studied. In this measurement, because the building materials in scenario 1 to scenario 4 were mainly ferroconcrete and cement brick, we conduct the measurements analyze the measurement data to validate them.
According to the received signal strength and Eq.(4),signal attenuation through ruinsA ruin can be calculated, by using Eq.(6), the model parametera k can be determined easily.
In scenario 1 to scenario 4, the thickness of ferroconcrete is 28cm,26cm,28cm and 45cmrespectively, on the basis of Eq. (4) and Eq.(6), the attenuation factor of ferroconcrete in 2.4GHz is about 0.72 dB/cm. The attenuation factor of ferroconcrete in 1.8GHz is about 0.65dB/cm (Chen et al.,2010a) ,and in 2GHz is about 0.83 dB/cm (Oestgeset al.,2009) . Because different number and distribution of steels make different effect on signal attenuation, our measurement value differs from the results in other references.
With the help of the same calculating method, attenuation factor of cement brick in our measurement is 0.43dB/cm, which is close to the simulation result of cement brick attenuation factor0.366 dB/cmin 2.2GHz (Cai et al.,2013) .
Finally, the rationality of the model should be validated. Measured data of ruin A is derived by Eq.(4),while the predicted data can be obtained according to Eq.(6). As shown in Figure 3 under scenario 3,the measured data are close to the predicted data, and the deviation is small. This is because ferroconcrete walls collapsed were not parallel to each other, and there may be cracks, broken stones and others materials inside the debris. Besides, the antenna polarity may also produce small deviations. Average deviation of A ruin between the measured and predicated data in 4 scenariosis shown in Table1. It can be seen that, the predicted data are in a good agreement withthe measured data, the model of large scale path loss describe the propagation characteristics of the signal reasonably and accurately. In the future, 
CHARACTERIZATIONOF DELAY SPREAD PARAMETERS
RMS delay spread
Due to the complex environments in ruins, great multipath interferences can take place, which strongly impacts the time dispersion parameters. Delay spread is a measure of the multipath richness of a radio channel, and it can be interpreted as the difference between the time of arrival of the earliest significant multipath component and the latest multipath components. Delay spread is the important time dispersion parameter. In this paper, the typical time delay propagation parameters including mean delay spread mean and RMS delay spread  rms are obtained and analyzed.
As described before, with the data pre-processing, the channel impulse response () hn is obtained. Assuming the channel is wide sense stationary uncorrelated scattering, and the power delay profile (PDP) of the channel can be computed as Eq. (7):
Where N is the number of the samples, i.e. 401, and t  is time step size, i.e. 5 ns in our measurement.
Define  i as the time difference between the arrival of the first and -th i multi path component. It should be mentioned that, the signal within 20dB of the maximum peak is regarded as effective signal, while20 dB under the maximum is defined as noise (Chen et al.,2010b) .Average of time delay of each effective multipath component is mean delay spread, i.e. mean ,as expressed in Eq.(8),it describes the global dispersion of the radio channel multipath components, and it is also the first moment of PDP. 
Where K is the total number of effective multipath components, whose signal strength is within 20 dB of the peak, and i  is the amplitude of -th i multi path component.
The RMS delay spread rms  is the root-mean-square(or standard deviation) value of mean delay spread mean , and it is calculated as Eq. (9) 
To estimate the statistical properties of RMS delay spread, we first calculate it according to the measured data, then get its empirical cumulative distribution function(CDF), and study the distribution of  rms by fitting with CDF. CDF of normal distribution, lognormal distribution, gamma distribution, Weibull distribution and the calculated  rms were compared to investigate the estimated distribution of  rms . Figure 4 shows the distribution estimates in 2.4GHz band in our measurement, the CDF (blue lines) of  rms was calculated from the measured data. It can be seen from the graph that, the researched 4 distributions perform similarly and can fit the measured data well.
Figure 4.Distribution estimation results of RMS delay spread
The estimated parameters of the given distribution models are listed in Table 2 . The accuracy of a fitting model can't be judged only from a graph, the statistic hypothesis tests including K-S test and Chi-square test for rms were also adopted to conduct goodness of fit test. The probability of assumption that the given distribution matches the distribution of measured data is presented in Table 3 ,as can be seen from the table, the normal distribution and gamma distribution fit better than log normal distribution and Weibull distribution.
According to the results of the CDF fitting and the goodness-of-fit test, it can be seen that, the RMS delay spread obeys the normal distribution and gamma distribution well. The scatter diagram of the two parameters is shown in Figure 5 .AsFigure 5 shows, the relationship between the two parameters is approximately linear. With the linear fitting method, the dependency between  mean and  rms can be well fitted as Eq.(10).This result is consistent with the conclusion obtained by Chen et al.,(2010b) ,which means that the regression line fits the measured data better.
According to the measured data and Eq.(11), the calculated coefficient of determinationR 2 is 0.90, which closed to 1.It means that there is a linear relationship between the two parameters, the fitting degree of the curve described in Eq. (10) is well, and the model proposed in Eq.(10) has a high reliability.
CONCLUSIONS
Frequency-domain measurements were conducted in 4typicalruins scenarios of Beichuan City. The measured data was processed and analyzed, and the large scale path loss model was obtained. The mean delay spread and RMS delay spread are calculated, and the relationship between the two parameters was analyzed by linear fitting method and fitting test. The path loss model consists of free space attenuation and penetrates loss through ruins; the penetration loss through ruins is the sum of attenuation through different layered barriers. The attenuation factor of ferroconcrete in 2.4GHz band (2.3GHzto 2.5GHz) is about0.72dB/cm, and the cement brick attenuation factor is 0.43dB/cm. It is worthy to note that, the collapse is serious in the 4 measurement scenarios, which leads the large loss and serious delay spread. By analyzing the distribution of RMS delay spread and the statistic hypothesis tests including K-S test and Chi-square test, it can be seen that the distribution of RMS delay spread follow the normal and gamma distribution and the parameters of the distributions are obtained. Relationship between mean and  rms is linear, and the calculated correlation exponent is 0.90,the two parameters are linearly related. The measured channel model and the channel parameters are reliable, which can provide effective reference for the design of mobile Wi-Fi positioning system in ruins.
In the next work， we will conduct more actual measurements in ruins environments to further validate or optimize our channel models or parameters, as well as to study more different collapsed structures such as chaotic structures to study the influence of different collapsed structures on signal propagation, to provide more effective reference for the ruins of relief in the future.
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